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Previous studies showed that lens epithelial cells proliferate rapidly in the embryo and that a lens mitogen, most likely derived
from the blood, is present in the anterior chamber of the embryonic eye (Hyatt, G. A., and Beebe, D. C., Development 117,
701–709, 1993). Messenger RNAs for several growth factor receptors have been identified in embryonic lens epithelial cells. We
tested several growth factors that are ligands for these receptors for their ability to maintain lens cell proliferation. Embryo serum,
PDGF, GM-CSF, and G-CSF maintained lens cell proliferation, but NGF, VEGF, and HGF did not. This and a previous study
(Potts, J. D., Harocopos, G. J., and Beebe, D. C., Curr. Eye Res. 12, 759–763, 1993) detected members of the Janus kinase family
(Jaks) in the developing lens. Because Jaks are central players in the Jak-STAT-signaling pathway, we identified STAT proteins
in the lens and tested whether they were phosphorylated in response to mitogens. STAT1 and STAT3, but not STAT 5 were
detected in chicken embryo lens epithelial cells. Only STAT3 was found in terminally differentiated lens fiber cells. STAT1 and
STAT3 were phosphorylated in lens cells analyzed immediately after removal from the embryo and when lens epithelial explants
were treated with embryo serum, PDGF, or GM-CSF, but not with NGF. Chicken embryo vitreous humor or IGF-1, factors that
stimulate lens cell differentiation, but not proliferation, did not cause STAT phosphorylation. When lens epithelial cells were
cultured for 4 h in unsupplemented medium, STAT1 and STAT3 declined to nearly undetectable levels. Treatment with PDGF
or embryo serum for an additional 15 min restored STAT1 and -3 levels. This recovery was blocked by cycloheximide, but not
actinomycin D, suggesting that STAT levels are regulated at the level of translation. STAT levels were maintained in epithelial
explants by lens mitogens, but not by factors that stimulated lens fiber differentiation. Both factors that stimulated lens cell
proliferation and those that caused fiber differentiation protected cultured lens epithelial cells from apoptosis. These data suggest
that the factor(s) responsible for lens cell proliferation in vivo activates the Jak–STAT-signaling pathway. They also indicate that
growth factors maintain STAT protein levels in lens epithelial cells by promoting the translation of STAT mRNA, an aspect of
STAT regulation that has not been described previously. Signaling by most of the growth factors and cytokines known to activate
the Jak-STAT pathway has been disrupted in mice by mutation or targeted deletion. Consideration of the phenotypes of these
mice suggests that the factor responsible for lens cell proliferation in vivo may be a growth factor or cytokine that has not yet
been described. © 1998 Academic Press
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INTRODUCTION
The growth of the lens occurs by a combination of
epithelial cell division and fiber cell differentiation. A
monolayer of epithelial cells covers the surface of the lens
closest to the cornea, while elongated fiber cells comprise
the bulk of the lens. Early in development, most cells in the
lens epithelium are proliferating. As development contin-
ues, cell division becomes restricted to a narrow band near
the equator of the lens, the germinative zone. Posterior to
the germinative zone, postmitotic epithelial cells differen-
tiate into lens fiber cells. Fiber cell differentiation involves
extensive cell elongation, the accumulation of lens crystal-
lin proteins (Piatigorsky, 1981), and the eventual loss of all
membrane-bound organelles (Bassnett and Beebe, 1992;
Bassnett and Mataic, 1997).
By rotating chicken embryo lenses such that the lens
epithelium faced toward the back of the eye, Coulombre
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and Coulombre showed that a factor from the posterior of
the eye could trigger the differentiation of epithelial cells
into fiber cells in vivo (Coulombre and Coulombre, 1963). A
substance in chicken embryo vitreous humor, called len-
tropin, stimulated epithelial cell elongation and increased
crystallin synthesis (Beebe et al., 1980). Lentropin is likely
to be chicken insulin-like growth factor-1 (IGF-1) (Beebe et
al., 1987). IGF-1 receptors were subsequently localized and
quantified on embryonic chicken lens cells (Bassas et al.,
1987; Bassnett and Beebe, 1990).
In rodents acidic and basic fibroblast growth factors
(FGF1 and FGF2) were shown to stimulate fiber cell differ-
entiation from lens epithelial cells in vitro (Chamberlain
and McAvoy, 1987, 1989) in a concentration-dependent
manner (McAvoy and Chamberlain, 1989). Studies with
transgenic mice demonstrated that FGF1 also stimulated
fiber differentiation in vivo (Robinson et al., 1995b). How-
ever, fiber differentiation was inhibited in transgenic mice
overexpressing FGF2 (Stolen et al., 1997). Expression of
dominant-negative forms of FGFR1 reduced but did not
prevent fiber formation (Chow et al., 1995; Robinson et al.,
1995a).
In contrast to information about lens fiber formation, less
is known regarding the factors that control lens cell prolif-
eration in vivo. Previous experiments demonstrated that a
mitogen was present in the anterior of the eye in chicken
embryos (Hyatt and Beebe, 1993). Chicken embryo serum,
but not adult chicken serum, substituted for this factor
when tested on cultured lens epithelial explants. Because
the blood–ocular barrier in the anterior segment is not
established until E19 in chickens (Latker and Beebe, 1984)
and serum proteins enter the eye during development
(Beebe et al., 1986), it was suggested that the lens mitogen
might be an embryonic plasma protein. Several purified
growth factors were not able to substitute for the serum
mitogen.
Recently, cDNAs encoding several receptor tyrosine ki-
nases were identified in E6 chicken (Potts et al., 1993) and
adult rat lens epithelia (Potts, unpublished data). These
included the platelet-derived growth factor receptor a
(PDGFRa), insulin-like growth factor receptor-1 (IGFR1),
fibroblast growth factor receptor-1 (FGFR1; cek-1), nerve
growth factor receptor (NGF; trk), vascular endothelial cell
growth factor receptor (VEGF; c-flt), macrophage colony-
stimulating factor receptor (M-CSF; c-fms), hepatocyte
growth factor receptor (HGF; c-met), and a receptor for
GAS-6, a protein preferentially expressed in growth-
arrested cells (c-axl).
Several cytoplasmic kinases were also identified in this
screen. One of these, Tyk2, is a member of the Jak family of
kinases. Jaks participate in a novel signal transduction
pathway, the Jak–STAT system (Janus kinase and signal
transducers and activators of transcription). The Jak–STAT
pathway is activated by cytokines and growth factors (Dar-
nell, 1997; Leaman et al., 1996). Ligand-induced receptor
dimerization activates receptor-associated Jaks. Activated
Jaks phosphorylate the cytoplasmic domain of the receptor
and associated STAT proteins. STATs dimerize and trans-
locate to the nucleus where they activate the transcription
of target genes (Darnell, 1997; Schindler and Darnell, 1995).
The Jak–STAT pathway mediates alterations in immune
responses by cytokines (Ihle et al., 1997), transduces signals
from several growth factors (Leaman et al., 1996), and
participates in several aspects of Drosophila development
(Hou and Perrimon, 1997). Some aspects of Jak–STAT
signaling play an essential role in early vertebrate develop-
ment because targeted deletion of the STAT3 leads to early
embryonic lethality (Takeda et al., 1997). Further support
for the importance of Jak–STAT signaling in vertebrate
development has accumulated recently (Bonni et al., 1997;
Duncan et al., 1997; Liu et al., 1997; Planas et al., 1997;
Stephens et al., 1996).
In the present study several growth factors and cytokines
were tested for their ability to maintain proliferation of
embryonic lens epithelial cells in primary explant cultures.
Because we knew that at least one member of the Jak family
was present in embryonic lenses, we identified one addi-
tional Jak family member and the STAT proteins found in
lens cells. Growth factors were then assayed for their ability
to stimulate phosphorylation of STATs. In the course of
these studies we found that STAT1 and STAT3 disappeared
rapidly from lens epithelial cells cultured in defined me-
dium, but not from cells cultured in chicken embryo serum
or other mitogens that caused phosphorylation of STAT1
and STAT3. Our results suggested that the factor or factors
responsible for maintaining lens cell proliferation in vivo
activates the Jak–STAT-signaling pathway.
MATERIALS AND METHODS
Culture of Lens Epithelia
Fertile White Leghorn chicken eggs were obtained from Truslow
Farms (Chestertown, MD), kept refrigerated at 10–12°C for up to 1
week, and then incubated at 38°C in a forced draft incubator.
Lenses were removed from day 6 embryos (E6) and placed in
Tyrode’s salt solution (Sigma Chemical Co., St. Louis, MO) and the
lens epithelium was dissected from the lens fiber mass using fine
forceps. Each explant was attached to the bottom of a plastic petri
dish with the basal (capsular) side downward using a scalpel blade
to cut around the edge of the epithelium in a hexagonal pattern.
Between three and eight epithelia were cultured on each dish.
Explantation was accomplished in less than 30 min. After dissec-
tion the medium was changed to minimal essential medium
(MEM; Life Sciences Technologies, Rockville, MD). Recombinant
human growth factors were tested at the following concentrations:
platelet-derived growth factor (PDGF) AA, 30 ng/ml; PDGF BB, 30
ng/ml; macrophage colony-stimulating factor (M-CSF) 1 ng/ml;
hepatocyte growth factor (HGF; Scatter Factor), 25 ng/ml; vascular
endothelial cell growth factor (VEGF) 5 ng/ml; nerve growth factor
(NGF), 10 ng/ml; granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), 40 ng/ml. PDGF and M-CSF were obtained from
R&D Systems, HGF was obtained from Becton Dickinson, NGF
was from Collaborative Biomedical, GM-CSF was from Life Tech-
nologies, and VEGF was a kind gift of Genentech. Explants were
also cultured in medium supplemented with 20% E15 chicken
serum (Hyatt and Beebe, 1993) or E15 vitreous humor (Beebe et al.,
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1980). A dose–response curve was performed with PDGF BB at 1,
10, 100, and 270 ng/ml. Explants were incubated in a final volume
of 500 ml for 8 h in 95% air/5% CO2 at 37°C.
Labeling and Immunocytochemistry
Cells in S-phase were labeled by exposing cultured lens epithe-
lial explants to 59-bromodeoxyuridine (BrdU; 10 mM; Sigma Chemi-
cal Co.) for 30 min, washed briefly in phosphate-buffered saline
(PBS), and fixed in 2 N HCl, 0.5% Triton X-100 for 30 min. Explants
were rinsed twice with PBS, 0.5% Triton X-100 and incubated
overnight in blocking buffer (10% horse serum, 0.5% Triton X-100,
0.1% sodium azide in PBS). Antibody labeling was performed for
1 h with monoclonal anti-BrdU antibody (Becton-Dickinson; 1:100)
diluted in blocking buffer; the cells were washed with PBS and
incubated with fluorescein-conjugated goat anti-mouse IgG (Sigma
Chemical Co.; 1:100) for 1 h.
BrdU-labeled cells were visualized on an ACAS 570 scanning
microscope (Meridian Instruments, Okemos, MI). To count BrdU-
labeled nuclei, the epithelial explant was scanned at 360 2-mm
steps in the x and y axes and the emitted fluorescence was recorded
at each position. Labeled nuclei were counted in a 400-mm-
diameter circle in the center of the scanned area using software
provided with the microscope.
Apoptotic cells were detected by labeling Formalin-fixed ex-
plants with terminal deoxynucleotidyltransferase and fluorescein
dUTP (In Situ Cell Death Detection Kit; Boehringer Mannheim)
according to the instructions provided by the manufacturer. Fluo-
rescent staining was detected with a LSM 410 confocal microscope
(Carl Zeiss, Inc., Thornwood, NY).
Western Blotting
Lens epithelia and fibers were separated immediately after
removal from the embryo and disrupted in lysis buffer. Lysis buffer
contained 0.1% SDS, 1 mM EDTA, 200 mM sodium vanadate, 5
mg/ml leupeptin, 10 mg/ml aprotinin, and 1 mM levamisol in PBS.
For experiments in which lens cells were cultured before analysis,
6–10 E6 lens epithelial explants were prepared in 35-mm culture
dishes as described above, incubated for 4 or 6 h in medium
containing growth factors, 20% E15 embryo serum, or 20% E15
vitreous humor, and then dissolved in 50 ml lysis buffer. In some
cases explants were first cultured in defined medium for 4 h and
then exposed to PDGF or 20% E15 serum for 15 min.
Phosphotyrosine-containing proteins were identified by immu-
noprecipitation and Western blotting. Freshly dissected lens fiber
masses and lens epithelia or lens epithelial explants treated with
cytokines or growth factors were lysed in PBS, 0.1% SDS, 1 mM
EDTA, 1 mM EGTA, 200 mM sodium vanadate, 10 mg/ml aproti-
nin, 1 mM levamisole, 1 mM pepstatin, 1 mg/ml leupeptin. Lysates
containing the protein from three explants or one lens fiber mass
were mixed with normal rabbit serum for 1 h at 4°C and then with
protein A–agarose (Santa Cruz) and incubated for an additional
hour to remove nonspecific binding. Samples were spun at 8000g
for 5 min in a microcentrifuge and the supernatant was mixed with
an equal volume of immunoprecipitation buffer (1% Triton X-100,
150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA,
200 mM sodium vanadate, 0.5% NP-40, 10 mg/ml aprotinin, 1
mg/ml leupeptin). Antiphosphotyrosine antibody (7.5 mg) was
added, allowed to sit on ice 2.5 h, mixed with another portion of
protein A–agarose, and then gently agitated at 4°C overnight.
Tubes were spun at 8000g for 5 min and the supernatant was
removed and saved. The protein A pellet was washed three times in
ice-cold immunoprecipitation buffer and resuspended in 50 ml of
reducing electrophoresis sample buffer. Twenty-five microliters
was boiled for 5 min and then spun at 8000g and the supernatant
was saved for analysis.
Samples were run on 7.5% polyacrylamide gels (Mini-Protean
Gels; Bio-Rad) and transferred to nitrocellulose membranes. Blots
were blocked with 5% nonfat milk, exposed to primary antibody,
washed, exposed to secondary antibody linked to horseradish
peroxidase, and visualized using enhanced chemiluminescence
(ECL; Amersham). In some cases blots were stripped with 2% SDS,
100 mM b-mercaptoethanol and reprobed with a different primary
antibody. Antibodies were against phosphotyrosine (1:2500; 4G10,
Upstate Biotechnology), STAT1 (STAT91; 1:1000, Transduction
Laboratories), STAT3 or STAT5 (1:1000, kind gift of Dr. J. Darnell),
and PDGFa receptor (1:1000, kind gift of Carl-Henrik Heldin).
Reciprocal assays using anti-STAT in the initial immunoprecipi-
tation and antiphosphotyrosine for Western blotting were per-
formed to confirm results of these experiments (data not shown).
PCR Analysis
Members of the Janus kinase family were identified by PCR
using E6 lens epithelial cDNA and degenerate primers designed
from known members of this family. Primers were: sense, 59-CAG
AT(ATC) TG(CT) (GA)AG GG(CG) ATG-39; antisense, 59-(GC)AC
(CT)CC (AG)AA III CCA (CG)AC (AG)TC-39 (“I” represents ino-
sine). PCR products were separated on agarose gels; the expected
252-bp band was excised, cloned, and sequenced. Eleven of the 12
inserts were of the same sequence. Search of the GenBank database
using BLAST showed closest similarity to mammalian Jak1 (see
Fig. 3). The other sequence was from a cDNA that was not a
member of the Jak family.
Statistical Analysis
Data are presented as fold increase in labeling over explants
cultured at the same time in defined medium (MEM). Statistical
comparisons between treatment groups and controls was deter-
mined by the Fisher least significant difference test.
RESULTS
Effect of Growth Factors on Lens Epithelial Cell
Proliferation
Previous studies showed that chicken embryo lens epi-
thelial cells were proliferating rapidly at the time they were
removed from the embryo, but stopped entering S-phase of
the cell cycle when cultured as explants in serum-free
medium (Hyatt and Beebe, 1993). Supplementation of the
culture medium with chicken embryo serum, but not adult
serum, maintained lens cell proliferation. In the present
study we assayed growth supplements for their ability to
maintain lens epithelial cell DNA synthesis and compared
the results to those obtained when epithelial explants were
cultured in defined medium or treated with chicken em-
bryo serum.
We tested the mitogenic activity of several of the ligands for
the receptor tyrosine kinases identified in our previous studies
in E6 chicken embryo lens epithelia (Potts et al., 1993). As
reported previously (Potts et al., 1994), PDGF-AA and
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PDGF-BB maintained DNA synthesis at increased
levels (Figs. 1C and 1D), compared to unsupplemented me-
dium (Fig. 1A). However, in dose–response tests, PDGF at
concentrations up to 270 ng/ml did not increase labeling
over that seen at 30 ng/ml and did not approach the 5.3-fold
greater labeling found in explants cultured in 20% chicken
embryo serum (Fig. 1B). Culture in granulocyte–macrophage
colony-stimulating factor and macrophage colony-stimulating
factor also maintained proliferation above levels in the
control groups (Fig. 1D). Nerve growth factor, hepatocyte
growth factor, and vascular endothelial growth factor did
not support lens cell proliferation at levels significantly
higher than in unsupplemented medium, even though
mRNAs encoding their receptors had been detected in
lens epithelial cells (Potts et al., 1993, unpublished data).
It should be noted that the HGF receptor (c-met) was not
detected in our laboratory on chicken embryo lens epi-
thelial cells, only in adult rat lens cells. The statistical
significance of the labeling data was determined by
comparing the number of labeled nuclei in explants
exposed to growth factors to the number labeled in
explants cultured on the same day in unsupplemented
medium. Figure 1D represents these data as fold stimu-
lation above control levels.
Phosphorylation of the PDGFa Receptor
Ligand binding to PDGF receptors causes autophosphor-
ylation on tyrosine residues (Eriksson et al., 1992). To
determine whether the PDGFa receptor was activated in
dividing lens epithelial cells, proteins from freshly isolated
lens epithelia and lens epithelial explants were analyzed by
Western blotting with antiphosphotyrosine antibodies. The
PDGFa receptor was first immunoprecipitated from ex-
tracts of freshly isolated lens epithelia and the immunopre-
cipitates were examined by Western blotting with antibod-
ies against the receptor or phosphotyrosine (Fig. 2).
Although the receptor was present, no phosphotyrosine-
containing protein was immunoprecipitated in these tests.
Epithelial explants were then cultured for 4 h in unsupple-
FIG. 1. Detection of BrdU-labeled nuclei in lens epithelial explants exposed to growth factors. BrdU was added for 30 min at the end of
the culture period; the cells were fixed and immunostained for BrdU. The number of labeled cells was counted in the central region of the
explant. Lens epithelial explants cultured in unsupplemented minimal essential medium (MEM) (A), E15 chicken serum (B), or PDGF-BB
(C) for 8 h. The extent of BrdU labeling obtained with different growth factors is summarized in D. The number of labeled cells in explants
cultured in unsupplemented MEM is normalized to 1. Scale bar, 100 mm.
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mented tissue culture medium and then exposed to PDGF,
chicken embryo serum, or NGF for 15 s. PDGF-stimulated
explants showed increased tyrosine phosphorylation of a
170-kDa protein. Chicken embryo serum or NGF did not
increase tyrosine phosphorylation in this region of the blot
above the levels seen in unstimulated explants (Fig. 2). Blots
reprobed with affinity-purified antibody to the PDGFa
receptor showed that the receptor was present in compa-
rable amounts in all samples. These data suggest that the
mitogen in the eye in vivo and in chicken embryo serum
does not function by activating the PDGFa receptor.
Activation of STATs in Lens Cells
At least two members of the Jak family of tyrosine
kinases are present in the chicken embryo lens. One of
these, Tyk2, was described in a previous publication (Potts
et al., 1993). The other, the presumed chicken Jak1 or-
tholog, was identified in cDNA from E6 lens epithelial cells
by sequencing PCR products obtained using primers spe-
cific for the Jak family (Fig. 3; GenBank Accession No.
AF060864). PCR products encoding other members of this
family were not detected in these studies, although we
identified Jak2 cDNAs in adult human lens epithelial cells
(Sharma and Beebe, unpublished observations). Western
blots of lens epithelial cells using polyclonal antipeptide
antibodies to mammalian tyk2 or Jak1 demonstrated bands
migrating at the appropriate molecular weights for these
proteins (data not shown).
Jaks signal by phosphorylating members of the STAT
family. We therefore determined whether STAT1, STAT3,
or STAT5 was present in lens epithelial cells. STATs 2, 4,
and 6 were not assayed in our studies because their distri-
bution is usually restricted to cells of the immune system
and testis (Zhong et al., 1994a), they are not known to be
activated by the growth factors tested in this study (Darnell,
1997; Leaman et al., 1996), and targeted deletion of the
STAT4 and 6 genes produced no effects on embryonic
development (Darnell, 1997).
In freshly isolated epithelia from E6 lenses Western blots
detected STAT1 and STAT3, but not STAT5 (Fig. 4). STAT1
and STAT3 transcripts are alternatively spliced to produce
mRNAs encoding proteins of lower molecular weight, re-
ferred to as STAT1b and STAT3b, respectively. STAT1b
and STAT3b were usually not detected in our studies.
STAT1 was found only in lens epithelial cells, while
STAT3 was present in both epithelial and fiber cells (Fig. 4).
It is possible that we did not detect STAT5 in the lens
epithelium because chicken STAT5 did not react with
antibodies to mammalian STAT5. However, Western blots
FIG. 2. The PDGFa receptor is not activated in vivo or by embryo
serum. (A) Lens epithelia were dissected immediately after remov-
ing the lens from the embryo and the PDGFRa was immunopre-
cipitated. Immunoprecipitates were then Western blotted to detect
PDGFRa or phosphotyrosine. Although the receptor was present,
no phosphotyrosine labeling was detected. (B) Lens epithelial
explants were cultured for 4 h in unsupplemented MEM and then
exposed to platelet-derived growth factor (PDGF; 30 ng/ml), 20%
E15 serum, or nerve growth factor (NGF; 10 ng/ml) for 15 s.
Proteins were analyzed by Western blotting with antibodies to
PDGFRa or phosphotyrosine. Antibodies to PDGFRa detected a
band of approximately 170 kDa in all samples. After the blot was
stripped and reprobed with antiphosphotyrosine, a band of similar
size was detected in explants exposed to PDGF, but not explants
cultured in MEM, E15 serum, or NGF. A band at approximately 100
kDa stained with antiphosphotyrosine in all samples.
FIG. 3. Derived amino acid sequence of a cloned PCR product obtained using degenerate primers to conserved sequences in the Jak family.
The sequence is most similar to Jak 1 from several species. Its similarity to the known members of the Jak family from humans is shown.
Asterisks indicate identical amino acids in chicken and human Jak1.
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of rat lens epithelial cells also did not detect STAT5,
although the PDGFa receptor could be readily identified on
these same blots (data not shown). This suggests that
STAT5 is not expressed in lens cells.
Previous studies revealed a progressive decline in the rate
of cell proliferation when lens epithelial explants were
cultured in unsupplemented tissue culture medium (Hyatt
and Beebe, 1992, 1993; Philpott and Coulombre, 1968; Potts
et al., 1994). The most precipitous decline occurred in the
first 3 h of culture (Hyatt and Beebe, 1992). We analyzed
cultured lens epithelial cells by Western blotting to deter-
mine whether STAT levels correlated with the decline in
lens cell proliferation. Levels of STAT1 and STAT3 de-
creased substantially 2 h after explanation and both pro-
teins were nearly undetectable by 4 h (Fig. 5A).
This led us to ask whether factors that maintained lens
cell proliferation would also maintain STAT levels. To test
this we cultured chicken lens explants in unsupplemented
medium, PDGF, chicken embryo serum, GM-CSF, IGF-1, or
chicken embryo vitreous humor for 4 h and assayed for
STAT1 or STAT3 by Western blotting. STAT1 and STAT3
were readily detected after culture for 4 h in embryo serum,
PDGF, or GM-CSF, factors that promote epithelial cell
proliferation. In contrast, both STATs were undetectable
after culture of lens epithelial cells with IGF-1 or vitreous
humor, factors that promote lens fiber cell differentiation,
but not epithelial cell proliferation (Figs. 5B and 5C) (Beebe
et al., 1980, 1987; Hyatt and Beebe, 1993; Zwaan and
Kenyon, 1984).
Addition of E15 serum to lens epithelial explants cul-
tured for 4 h in unsupplemented medium caused the
reappearance of STAT1 and STAT3 within 15 min (Figs. 5B
and 5C). Addition of PDGF for 15 min had a similar effect
(data not shown).
The rapid reappearance of STAT1 and -3 suggested that
STAT levels might be regulated at the level of translation. To
test this possibility we cultured three groups of lens epithelia
in defined medium for 3 h. One group was treated for an
additional hour with cycloheximide (5 mg/ml), the second
group received actinomycin D (5 mg/ml) (Li and Beebe, 1991;
Piatigorsky and Rothschild, 1971) and the third group served
as a control. Embryo serum was then added to all three groups
for 15 min and the samples were prepared for Western blot-
ting. As in the previous experiment, STAT3 was detectable in
control explants cultured in defined medium for a total of 4 h
and then stimulated with embryo serum for 15 min (Fig. 6).
When explants were treated with cycloheximide for 1 h before
serum addition, STAT3 was not detected. Addition of actino-
mycin D, an inhibitor of transcription, did not prevent the
reappearance of STAT3. These results suggest that one reason
for the decrease in STAT protein levels was a decrease in the
translation of STAT mRNA. Treatment with actinomycin
showed that new RNA synthesis was not required for STAT
synthesis. Therefore, substantial amounts of STAT3 mRNA
must persist for at least 4 h in lens epithelial cells deprived of
growth stimulants.
FIG. 5. Maintenance of STAT protein levels by growth factors. (A)
Lens epithelia were cultured for 0, 2, or 4 h in unsupplemented
MEM and STAT protein levels were analyzed by Western blotting.
STAT1 and STAT3 declined at 2 h of culture and were nearly
undetectable by 4 h. (B) Culture of lens epithelia in MEM supple-
mented with the mitogens E15 serum, GM-CSF, or PDGF also
maintained STAT1 levels. E15 vitreous humor (VIT) and IGF-1,
factors that cause lens fiber cell differentiation, but not prolifera-
tion, did not maintain STAT1 levels. Treatment of epithelial
explants previously cultured in MEM for 4 h with E15 serum for 15
min increased STAT1 to a detectable level (serum restimulated).
(C) Mitogens (E15 serum, PDGF, and GM-CSF) also maintained
STAT3 levels during culture for 4 h, while E15 vitreous humor did
not. E15 serum added for 15 min to epithelial explants cultured in
MEM restored STAT3 to a detectable level.
FIG. 4. STAT1 and STAT3 are detectable in chicken lens epithe-
lial and fiber cells. Western blots of extracts from E6 chicken lens
epithelia (Epi) and fibers (Fib) shows bands of the expected size for
STAT1 and STAT3 in epithelia and STAT3 in fibers. STAT5 was
not detected in these tests.
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Activation of STATs involves phosphorylation on ty-
rosine residues. Phosphorylation of STAT1 and -3 was
assayed by immunoprecipitating cell lysates with antiphos-
photyrosine antibodies, running the immunoprecipitates on
gels, and Western blotting with antibodies to STAT1 or
STAT3. Phosphorylated STAT1 and STAT3 were detected in
freshly isolated lens epithelial cells and phosphorylated
STAT3 was present in lens fiber cells (Fig. 7A). This
suggests that endogenous factors stimulate STAT phos-
phorylation in vivo. In lens fiber cells the tyrosine-
phosphorylated band of higher apparent molecular weight
than the main STAT3 band may be STAT3 that is also
phosphorylated on serine. Serine phosphorylation of STAT3 is
associated with slower migration of the protein on acrylamide
gels (Ng and Cantrell, 1997). Factors that stimulated lens
epithelial cell proliferation, including embryo serum, PDGF,
and GM-CSF, were associated with phosphorylation of
STAT1. Nerve growth factor and chicken embryo vitreous
humor, which did not stimulate proliferation, did not stimu-
late STAT1 phosphorylation (Fig. 7B). Similarly, STAT3 was
phosphorylated in epithelial explants treated with chicken
embryo serum, PDGF, or GM-CSF, but not in cells treated
with chicken embryo vitreous humor (Fig. 7C).
Inhibition of Apoptosis by Growth Factors
Lens epithelia maintained in unsupplemented medium
lose many cells in the first 24 h of culture (Philpott and
Coulombre, 1968). Lens cells kept in unsupplemented me-
dium underwent nuclear condensation and cell detachment
in a process that resembled apoptosis (data not shown). This
apparent cell death was not evident when cells were cul-
tured in vitreous humor or embryo serum. We therefore
used the TUNEL assay to determine whether DNA strand
breaks, typical of cells undergoing apoptosis, occurred in
these cells and whether growth factors or supplements
altered the frequency of TUNEL labeling.
Lens epithelia contained scattered TUNEL-positive cells
at the time they were placed in culture (Fig. 8A). This
observation is in agreement with previous studies using
TUNEL labeling on embryonic chicken lenses (Bassnett and
Mataic, 1997). Epithelial explants cultured for 8 h in un-
supplemented medium contained numerous cells with
punctate, TUNEL-labeled bodies (Fig. 8B). Many TUNEL-
positive structures were scattered on the surface of the
culture dish near the explants (data not shown). In contrast,
lens epithelia maintained in medium supplemented with
embryo serum, IGF-1, or vitreous humor had many fewer
apoptotic cells than at the time of explantation (Figs.
8C–8E) and TUNEL-positive fragments were not noted on
the culture dish. These data indicated that the extensive
cell death associated with culture in unsupplemented me-
dium could be prevented by agents that were associated
with STAT phosphorylation, as well as those that did not
activate this pathway.
DISCUSSION
Numerous growth factors and cytokines are capable of
altering the proliferation of cultured cells derived from
FIG. 7. Mitogens stimulate STAT phosphorylation. Extracts of
lens epithelia and fibers were immunoprecipitated with antiphos-
photyrosine and the immunoprecipates were Western blotted with
antibodies to STAT1 or STAT3. (A) Lens epithelia and fibers
isolated immediately after removal from the embryo. Phosphory-
lated STAT1 was present in lens epithelia and phosphorylated
STAT3 was present in epithelia and fibers. (B) Phosphorylated
STAT1 was present in lens epithelial explants cultured for 4 h in
mitogens (E15 embryo serum, PDGF, GM-CSF) but not in explants
cultured in unsupplemented MEM, NGF, or E15 vitreous humor
(VIT). (C) Phosphorylated STAT3 was present in epithelial explants
cultured for 4 h in mitogens (E15 serum, PDGF, GM-CSF), but not
in explants cultured in MEM or MEM supplemented with E15
vitreous humor (VIT).
FIG. 6. Restimulation of STAT3 by embryo serum does not
require transcription. E6 lens epithelia were dissected, cultured
for 3 h in defined medium, and then treated for an additional
hour with no drug, cycloheximide (5 mg/ml), or actinomycin D (5
mg/ml). E15 serum (20%) was added for 15 min and the epithelial
cell proteins were Western blotted with antibody to STAT3.
Cycloheximide blocked resynthesis of STAT3, as expected, but
actinomycin D did not.
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embryo or adult tissues. Considerably less is known about
the factors that regulate cell growth in the embryo. The
present studies suggest that growth factors or cytokines
that signal through the Jak–STAT pathway are responsible
for lens cell proliferation in vitro and in vivo.
Lens epithelial cells proliferate rapidly in chicken em-
FIG. 8. Factors that stimulate lens epithelial cells to proliferate or differentiate protect them from apoptosis. (A) Lens epithelial cells fixed
immediately after explantation had scattered TUNEL-positive nuclei. Only the most intensely stained nuclei were considered TUNEL
positive because most nuclei in this preparation showed a low level of background staining. (B) After culture in unsupplemented MEM for
8 h, numerous condensed, TUNEL-positive bodies were present. Epithelia cultured for 8 h in 20% E15 serum (C), 20% E15 vitreous humor
(D), or 30 ng/ml IGF-1 (E) had few TUNEL-positive nuclei.
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bryos in vivo. However, DNA synthesis declines precipi-
tously when chicken embryo lenses or explants of embry-
onic lens epithelia are placed in serum-free tissue culture
medium (Hyatt and Beebe, 1992, 1993; Philpott and Cou-
lombre, 1968). Lens epithelial cell proliferation was main-
tained at substantial levels when the anterior half of the
embryonic eye was cultured in serum-free medium in a way
that did not dilute the contents of the anterior chamber
(Hyatt and Beebe, 1993). Culture of whole lenses or lens
epithelia in medium supplemented with chicken embryo
serum, but not adult serum, also maintained a high rate of
lens cell proliferation. Since serum proteins can enter the
anterior chamber of the eye during most of chicken embryo
development (Beebe et al., 1986; Latker and Beebe, 1984), it
was suggested that the mitogenic activity in the anterior
chamber was derived from the blood (Hyatt and Beebe,
1993). The growth-promoting properties of embryo serum
were not replaced by several growth factors applied singly
or in combination. To obtain clues about the nature of the
serum-derived growth factor(s), degenerate PCR primers
were used to identify sequences encoding receptor and
nonreceptor tyrosine kinases in cDNA prepared from E6
chicken embryo lens epithelial cells. This approach de-
tected cDNAs encoding receptors for insulin-like growth
factor, insulin, platelet-derived growth factor, fibroblast
growth factor, nerve growth factor, macrophage colony-
stimulating factor, vascular endothelial cell growth factor,
and a “growth arrest-specific” ligand (GAS-6). The cDNA
encoding tyk2, a cytoplasmic kinase involved in the Jak–
STAT-signaling pathway (Shuai et al., 1993; Velazquez et
al., 1992), was also identified (Potts et al., 1993). In unpub-
lished work we also identified the receptor for hepatocyte
growth factor in postnatal rat lens epithelial cells. The
present study tested whether the ligands for these receptors
would maintain lens cell proliferation in vivo.
Is PDGF a Lens Epithelial Cell Mitogen in Vivo?
Of the purified growth factors tested, PDGF (AA or BB)
was best able to maintain cell proliferation in lens epithe-
lial explants (Fig. 1). This observation was consistent with
previous studies showing that PDGF stimulates the growth
of newborn mouse lenses in vitro (Brewitt and Clark, 1988)
and is a mitogen for adult bovine lens epithelial cells (Knorr
et al., 1993). Transgenic mice secreting excess PDGF A
chain from their lens fiber cells also demonstrated in-
creased lens epithelial cell proliferation during embryonic
and postnatal development (Reneker and Overbeek, 1996).
PDGF was an attractive candidate for the lens mitogen
because the PDGFa receptor is abundant in the early lens
vesicle and in mouse and chicken embryo lens epithelial
cells (Potts et al., 1993, 1994; Schatteman et al., 1992). The
lenses of homozygous Patch mouse embryos, which harbor
a deletion that includes the PDGFa receptor, were de-
scribed as having decreased numbers of lens fiber cells
(Morrison-Graham et al., 1992). However, mice lacking the
PDGFa receptor were recently created by gene targeting
(Soriano, 1997). These mice have lenses that are essentially
normal (Soriano, 1997) and show levels of cell proliferation
similar to those of wild type (P. Soriano, personal commu-
nication). Since the Patch mutant involves a deletion of
unknown size, it is possible that disturbances in lens fiber
formation reported in homozygous Patch embryos were due
to loss of genes closely linked to the PDGFRa. It is also
possible that lens defects in Ph/Ph embryos were the result
of general poor health because defects are evident in these
embryos at E9–9.5, lenses were not examined until E13, and
embryos die at approximately E15 (Morrison-Graham et al.,
1992).
Our studies showed that the PDGFa receptor was not
tyrosine phosphorylated above background levels in freshly
isolated lens epithelial cells or in lens epithelial cells
exposed to embryo serum, the most potent mitogen used in
our tests, but was phosphorylated in cells treated with
PDGF (Fig. 2). The PDGFb receptor was not detected in
chicken embryos lenses, even after exhaustive search (Potts
et al., 1994; Potts and Carrington, 1993); unpublished
observations), suggesting that PDGF does not signal lens
epithelial cells through this receptor. When considered
together with the phenotype of PDGFRa 2/2 mice, these
data suggest that, although PDGF is capable of stimulating
lens cell proliferation, PDGF or other ligands that might
activate the PDGFa receptor are probably not responsible
for maintaining lens cell proliferation in vivo.
Activation of the Jak–STAT-Signaling Pathway in
Lens Epithelial Cells
Many cytokines and growth factors regulate target cell
growth and differentiation by activating the Jak–STAT-
signaling pathway (Hou and Perrimon, 1997; Ihle et al.,
1997; Leaman et al., 1996; Schindler and Darnell, 1995;
Shuai et al., 1993). The majority of the receptors that signal
through this pathway do not have intrinsic kinase activity.
When these receptors bind ligand, they dimerize and acti-
vate members of the Jak (Janus kinase) family that are
noncovalently associated with the cytoplasmic domains of
the receptors. Activation of Jaks leads to the binding of
members of the STAT family, which are phosphorylated on
a single tyrosine by the Jak kinases. Phosphorylated STATs
dimerize and translocate to the nucleus, where they acti-
vate transcription. STAT signaling can stimulate or inhibit
cell proliferation or promote differentiation, depending on
the target cell (Darnell, 1997).
Activation of several growth factor receptors that have
intrinsic kinase domains (PDGF, EGF, CSF-1) also leads to
the tyrosine phosphorylation of Jaks and STATs, although
the detailed mechanisms involved remain to be defined
(Leaman et al., 1996). The intrinsic kinase activity of the
EGF and PDGF receptors is required for STAT phosphory-
lation in response to EGF or PDGF (David et al., 1996;
Vignais et al., 1996). Whether these receptors activate
STATs by first phosphorylating Jaks or whether STATs can
be phosphorylated directly has not been determined in most
cases.
Our studies showed that chicken embryo lens epithelial
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cells contained STAT1 and STAT3 and that both proteins
were phosphorylated in lens epithelia in which cell division
was active. This included epithelial cells immediately after
isolation from the embryo and lens cells stimulated to
proliferate by culture in embryo serum, PDGF, or GM-CSF.
NGF, which did not stimulate the proliferation of lens
epithelial cells, did not stimulate the phosphorylation of
STAT1 or STAT3. We did not test HGF or M-CSF, which
were relatively weak or ineffective stimulators of lens cell
proliferation, for their ability to phosphorylate STATs in
these experiments. However, activation of these receptors
leads to STAT phosphorylation in other cell types
(Barahmand-pour et al., 1995; Boccaccio et al., 1998; Eilers
and Decker, 1995; Novak et al., 1995; Schaper et al., 1997).
Chicken embryo vitreous humor and IGF-1, factors that do
not support lens cell proliferation, but cause lens epithelial
cells to acquire many of the characteristics of fiber cells, did
not stimulate the phosphorylation of either STAT1 or
STAT3. The strong correlation between factors that stimu-
lated lens cell proliferation and STAT phosphorylation and
the presence of phosphorylated STAT1 and -3 in lens
epithelial cells at the time they are removed from the
embryo suggest that the factors that stimulate lens cell
proliferation in vivo are likely to do so by activating the
Jak–STAT pathway. At present, we cannot say that STAT
phosphorylation is necessary or sufficient for lens cell
proliferation because this would require experiments in
which Jak–STAT signaling in the lens could be interrupted
or artificially activated.
It is notable that STAT3 was phosphorylated in freshly
isolated lens fiber cells, but not in E6 lens epithelia cultured
in vitreous humor from E15 embryos (Fig. 7B). STAT3
levels also declined rapidly in lens epithelia cultured in
vitreous humor (see below; Figs. 5B and 5C). Vitreous
humor bathes the peripheral epithelial cells that differenti-
ate into lens fiber cells in vivo and stimulates lens epithe-
lial cells to express many of the characteristics of lens fiber
cells in vitro (Beebe et al., 1980). We might, therefore, have
expected STAT3 to become phosphorylated and to remain
detectable in lens epithelia exposed to vitreous humor.
We can suggest two explanations for the lack of STAT3
phosphorylation and persistence in response to culture in
vitreous humor. Vitreous humor from E15 embryos may
lack a factor required for E6 lens epithelia to express the full
program of fiber differentiation, including STAT3 phos-
phorylation and persistence. We think this is unlikely
because lens fiber formation is occurring rapidly at E15, as
it is at E6, indicating that factors responsible for fiber
formation are present at both ages. Alternatively, exposure
to vitreous humor may elicit many, but not all, aspects of
lens fiber cell differentiation from cultured lens epithelial
cells. Previous studies from our laboratory support this
possibility. Lens epithelia (E14) cultured for 3 days in
vitreous humor expressed d1- and d2-crystallin mRNAs in
ratios that were characteristic of lens epithelial cells (3:1,
d1:d2), but not typical of lens fiber cells (300:1, d1:d2) (Li and
Beebe, 1993). We also found that vitreous humor did not
cause E6 lens epithelial cells to express the fiber-specific
membrane protein, MIP26 (Beebe and Maisel, unpublished).
When lens epithelia are prepared for culture, the peripheral
epithelial cells are trimmed away. It is these peripheral cells
that normally differentiate into lens fiber cells in vivo.
Therefore, central lens epithelial cells may have lost the
ability respond to factors in vitreous humor responsible for
the phosphorylation and persistence of STAT3.
The factor responsible for the phosphorylation and per-
sistence of STAT3 in lens fiber cells may serve an impor-
tant function in fiber cell differentiation. Neither of the
growth factor families so far known to stimulate lens fiber
formation, the IGFs and the FGFs, activate the Jak–STAT
pathway (Beebe et al., 1987; Chamberlain and McAvoy,
1987, 1989; Chamberlain et al., 1991; Chow et al., 1995;
Leenders et al., 1997; Liu et al., 1996; McAvoy and Cham-
berlain, 1989; Stolen et al., 1997; Su et al., 1997). Our data
raise the possibility that a third signaling system is in-
volved in lens fiber formation. Evaluating this possibility
will require identification of the receptor(s) responsible for
STAT3 phosphorylation in lens fiber cells or the ability to
specifically inhibit STAT signaling during lens develop-
ment.
STAT Protein Levels Are Regulated by Mitogens in
Lens Epithelial Cells
STAT1 and STAT3 declined to barely detectable levels
when lens cells were deprived of mitogenic growth factors
for 4 h. STAT levels were maintained when epithelial
explants were cultured in medium supplemented with
mitogens (embryo serum, PDGF, or GM-CSF), but not in
medium supplemented with factors that stimulate lens
fiber cell differentiation (chicken embryo vitreous humor or
IGF-1). These results suggest that the STATs in lens epi-
thelial cells have a relatively short half-life in the absence of
mitogens. Whether the disappearance of STATs under these
conditions represents accelerated protein turnover or de-
creased synthesis, or both, remains to be determined. It is
unlikely that STAT mRNAs were degraded in the 4-h
culture periods used for these studies because STAT protein
levels were restored within 15 min after the addition of
PDGF or embryo serum, even in lens epithelia pretreated
with actinomycin D.
Previous studies suggested that activated STATs may be
degraded by the ubiquitin–proteasome system (Kim and
Maniatis, 1996). However, other experiments showed that
activated STAT proteins were dephosphorylated and quan-
titatively recycled from the nucleus (Haspel et al., 1996).
We are not aware of any studies showing that STAT
proteins rapidly disappear from cells in which STAT phos-
phorylation is not activated. In fact, several studies showed
that cultured cells maintained STAT protein levels when
grown under conditions in which STAT phosphorylation
was not detectable (Yu and Burakoff, 1997; Zhong et al.,
1994b). We believe that our studies reveal a new level of
regulation of components of the Jak–STAT pathway that
leads to rapid protein turnover in the absence of growth
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factor stimulation. Whether mitogen-dependent preserva-
tion of STAT levels is a characteristic of other embryonic or
adult cell types or plays a role in regulating Jak–STAT
signaling in vivo remains to be tested.
Growth Factors, Cytokines, and Lens Cell
Proliferation
The results of our experiments did not permit us to
identify the mitogen responsible for lens cell proliferation
in the embryo. However, they did provide information
about the function of this mitogen and indicated which
growth factors and cytokines are, or are not, good candi-
dates for further study. The positive correlation between
lens cell proliferation and STAT phosphorylation suggests
that the factor in the embryo responsible for lens cell
proliferation may act through the Jak–STAT system or may
activate STAT phosphorylation by some other mechanism.
Therefore, mitogens that are not known to lead to STAT
phosphorylation, like members of the FGF family (Su et al.,
1997), the TGFb family, the NGF family, the IGF family,
and members of the EGF family that activate receptors
other than the EGF receptor itself (Grasso et al., 1997;
Leaman et al., 1996) are not promising candidates for the
lens mitogen. In agreement with this view, we showed in
this and previous studies (Hyatt and Beebe, 1993) that EGF,
FGF, NGF, VEGF, and TGFb, factors that are not known to
cause STAT phosphorylation, did not support the prolifera-
tion of lens epithelial cells.
Using similar reasoning, cytokines and growth factors
that cause the phosphorylation of STATs should be consid-
ered as candidates for the lens mitogen. This is a long and
growing list, including growth hormone, prolactin, erythro-
poietin, thrombopoietin, interferons, interleukin-1, -4, -5,
-6, -10, -11, and -12, oncostatin M, ciliary neurotrophic
factor, angiotensin II, hepatocyte growth factor (scatter
factor), and stem cell factor (Bates et al., 1998; Boccaccio et
al., 1998; Bonni et al., 1997; Gurney et al., 1995; Leaman et
al., 1996; Linnekin et al., 1997; McWhinney et al., 1997;
Schaper et al., 1997; Tsukada et al., 1996; Zocchia et al.,
1997).
In spite of the abundance of candidates, none of them is
likely to be the factor responsible for lens cell proliferation
in the embryo. We arrived at this conclusion by considering
the phenotype of animals with targeted deletions or muta-
tions in these ligands or their receptors. If such animals
have normal lenses, it is improbable that the affected
ligand–receptor system, by itself, plays a significant role in
lens cell proliferation. Table 1 lists most of the known
growth factors or cytokines that are associated with phos-
phorylation of STATs. In all cases, absence of these factors
or their receptors is not associated with a lens phenotype.
Therefore, either STAT phosphorylation is not essential for
lens cell proliferation or the growth factor or cytokine
responsible for STAT phosphorylation and lens cell growth
has not yet been identified.
One pathway that has not been tested for function in the
embryo is signaling through the Eyk/Axl/Sky family of
receptors. Members of this family are activated by GAS6, a
protein whose activity relies on vitamin K-dependent car-
boxylation (Nagata et al., 1996). We previously identified
c-Axl in E6 lens epithelial cells (Potts et al., 1993). Re-
cently, v-Eyk and c-Eyk were shown to activate the Jak–
STAT pathway (Zong et al., 1996). Therefore, receptors
activated by GAS6 or related ligands could be responsible
for the STAT phosphorylation demonstrated in the present
study. This possibility is currently under investigation.
STATs and Apoptosis
Several recent publications have shown that cytokine
signaling through the Jak–STAT pathway protects cells
from apoptosis (Ahmed et al., 1998; Nakamura et al., 1996;
Rui et al., 1998; Sakai and Kraft, 1997). Other studies have
shown that, in response to different cytokines, apoptosis
can be activated by Jak–STAT signaling (Chin et al., 1997;
Kumar et al., 1997). In the present study, embryo serum
activated STAT phosphorylation and prevented the exten-
sive apoptosis seen in cultured lens epithelia. However,
vitreous humor and IGF-1, which did not cause STAT
phosphorylation, did protect lens epithelial cells from apop-
tosis. This indicates that lens epithelial cells do not require
STAT phosphorylation to be protected from apoptosis. It is
possible that embryo serum protects lens epithelial cells
from apoptosis by mechanisms that do not require STAT
phosphorylation and that STATs play no role in preventing
apoptosis in the lens.
STATs in Development
Jak–STAT signaling is important in invertebrate develop-
ment. The function of this system in Drosophila, where
activated STATs are essential for aspects of segmentation of
the embryo and for normal hematopoiesis, has been re-
viewed recently (Hou and Perrimon, 1997). In addition, a
STAT homolog has been identified in the cellular slime
mold, Dictyostelium, where it represses stalk cell differen-
tiation (Kawata et al., 1997). These data indicate that
STATs are an ancient family of transcription factors that
served to regulate cell type determination in the earliest
multicellular organisms (Darnell, 1997; Kawata et al.,
1997).
Evidence that STATs function during vertebrate embry-
onic development was provided by Duncan and co-workers.
They demonstrated widespread expression of STAT1 and
STAT3 mRNAs in maternal, embryonic, and extraembry-
onic tissues during early postimplantation development
(Duncan et al., 1997). Electrophoretic mobility shift assays
showed that STAT3 protein, but not STAT1, was active
during this period. In agreement with this finding, embryos
homozygous for a targeted disruption of the STAT3 gene die
at about the time of gastrulation (Takeda et al., 1997), while
knockout of the STAT1 gene did not have any noticeable
effects on embryonic development (Meraz et al., 1996).
Based on the phenotypes of mice lacking receptors for
several of the factors known to activate STAT3, Takeda and
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TABLE 1
Growth factor or cytokine Mutation or targeted deletion Phenotype
Angiotensin II Targeted deletion of the gene for
angiotensinogen
Postnatal kidney defects; no lens defects reported (Niimura et
al., 1995)
Epidermal growth factor Targeted deletion of the EGF receptor
gene
Strain-dependent multiorgan, epithelial immaturity, placental
defects, postnatal neuronal apoptosis (Miettinen et al.,
1995; Sibilia et al., 1998; Sibilia and Wagner, 1995;
Threadgill et al., 1995); no lens defects reported (Miettinen,
personal communication) and no EGFR expression in the
early postnatal lens (Sibilia and Wagner, 1995)
Erythropoietin Targeted deletion of the erythropoietin
or erythropoietin receptor genes.
Death at E13 due to failure of definitive liver hematopoiesis;
no lens defects reported (Wu et al., 1995)
Granulocyte–macrophage
colony-stimulating factor,
interleukin-5
Targeted deletion of the gene encoding
the common b c subunit shared by
these receptors
Lung abnormalities (alveolar proteinosis), impaired eosinophil
formation; no lens defects reported (Nishinakamura et al.,
1995)
Growth hormone Targeted deletion of the growth
hormone receptor gene
Postnatal growth retardation, proportional dwarfism; no lens
defects reported (Zhou et al., 1997)
Hepatocyte growth factor
(scatter factor)
Targeted disruption of the HGF gene Impairment of placental development, reduced numbers of
hepatocytes; no lens defects reported (Schmidt et al., 1995;
Uehara et al., 1995)
Interleukin-1 Targeted deletion of the IL-1b or IL-1
receptor genes
Altered inflammatory responses; no lens defects reported
(Norman et al., 1996; Zheng et al., 1995)
Interleukin-2, -4, -7, -9, -15 Targeted deletion of the common g-
chain shared by these receptors
Severe combined immune deficiency; no lens defects reported
(Cao et al., 1995)
Interleukin-6, IL-11,
leukemia inhibitory
factor, oncostatin M,
ciliary neurotrophic factor,
cardiotrophin-1, leptin
Targeted deletion of the gp130 gene
encoding a subunit shared by all
these receptors
Abnormalities in cardiac and hematopoietic development; no
lens defects reported (Yoshida et al., 1996)
Interleukin-10 Targeted disruption of the IL-10 gene Defects in immune regulation; no lens defects reported (Berg
et al., 1995)
Interleukin-12 Targeted disruption of the genes for
the p35 subunit or the p40 subunit
of interleukin-12
Loss of resistance to infection by Leishmania; no lens defects
reported (Mattner et al., 1996)
Macrophage colony-
stimulating factor
Mutation in M-CSF responsible for the
osteopetrotic mouse phenotype
Reduced female fertility; osteopetrosis due to failure of
osteoclast differentiation; no lens defects reported (Pollard,
1997; Pollard et al., 1991)
Leukemia inhibitory factor Targeted deletion of the low-affinity
LIF receptor gene
Placental and bone defects, reduced numbers of neurons and
astrocytes; no lens defects reported (Ware et al., 1995)
Platelet-derived growth
factor (all isoforms)
Targeted deletion of PDGFRa,
PDGFRb, PDGF-A, and PDGF-B
genes
Defects in some neural crest and myotomal derivatives
(PDGFRa), hematologic and kidney abnormalities,
(PDGFRb), defects in myoepithelial and smooth muscle
cells (PDGF-A and B); no lens defects reported (Bostrom et
al., 1996; Leveen et al., 1994; Soriano, 1994, 1997)
Prolactin Targeted disruption of the prolactin
gene
Abnormal mammary gland development, sterile females; no
lens defects reported (Horseman et al., 1997)
Stem cell factor Mutation in the W (white spotted)
locus in mice encoding c-kit, the
receptor for stem cell factor
Defects in the melanocytic, hematopoietic, and germ cell
lineages; no lens defects reported (Reith et al., 1990; Tan et
al., 1990)
Thrombopoietin Targeted deletion of c-Mpl, the
thrombopoietin receptor
Deficiency of megakaryocytes and other hematopoietic
progenitor cells; no lens defects reported (Alexander et al.,
1996)
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co-workers concluded that none of these ligands alone was
likely to be responsible for activating STAT3 during early
embryogenesis. Either multiple ligands are required for
STAT3 activation, a situation not characteristic of Jak–
STAT signaling, or STAT3 is activated by an as yet uniden-
tified molecule.
From previous studies it is clear that STATs are required
for embryo survival (Takeda et al., 1997) and cell fate
decisions during development (Bonni et al., 1997; Hou and
Perrimon, 1997). Our data are the first to suggest that
STATs regulate cell proliferation in vertebrate embryos. It
will be interesting to see whether STAT activation is
important in other aspects of embryonic development, like
cell migration, cell adhesion, and cell death.
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